ABSTRACT A multi-responsive D-A type compound (CYQ) based on pyrone and triphenylamine was designed and successfully synthesized. The target compound exhibited distinct aggregation-enhanced emission (AEE) effect. Solvatochromic experiment and density functional theory (DFT) indicated CYQ possessed excellent intramolecular charge transfer (ICT) ability. Besides, its mechanofluorochromic property (MFC) was found with a 37 nm redshift. Powder wide-angle X-ray diffraction (PXRD) and differential scanning calorimetry (DSC) measurements were performed to demonstrate the transformation from the crystalline to amorphous states upon grinding. Surprisingly, CYQ displayed a hypersensitive response to trace water in organic solvents with an excellent detection limit as low as 0.0096% in tetrahydrofuran (THF). Furthermore, it was found that the fluorescent intensity of CYQ declined progressively upon humidity rise, and its color change can be witnessed by naked eyes. Therefore, the relative humidity (RH) sensing strategy guarantees the AIEgen to become a colorimetric sensor under various conditions.
INTRODUCTION
With their wide applications in bio-sensors [1] , OLED devices [2] , pH indicators [3] and pressure sensors [4] , designing and synthesizing organic fluorescent probes in response to unique external stimulation has been a hot spot. However, most of these fluorophores suffer from an "aggregation caused quenching" (ACQ) effect, which severely inhibits their applications in practical situations. Excitingly in 2001, aggregation induced emission (AIE) phenomenon was discovered as a remedy to overcome the above question [5] . Then, numerous templates based on AIE enrich the family of smart materials [6] [7] [8] . Among them, red-emitting fluorophores are highly desirable for their distinctive applications in chem-and biosensors [9] .
Water plays an important role in many water/oxygen free industrial processes. For example, it is detrimental to synthesizing Grignard reagent in the presence of water, only because trace amount of water can reduce the yield and even quench the reaction. Conventional Karl Fischer method used for water detection usually exhibits some drawbacks, such as time-consuming procedure, costly instrumentation and instability [10] . At this point, AIE compounds were reported as alternatives in water-sensing programs [11] . However, trace water detecting strategies among AIEgens are extremely limited by their poor sensitivity. Therefore, developing an AIE probe with high sensitivity to trace water is urgently desired.
As we know, fluorophores based on D-A skeleton are characterized by their explicit intramolecular charge transfer (ICT) characteristic and strong response to different polarity. Under this circumstance, water affects fluorescent behaviors owing to its high polarity. Herein, our red-emitting compound bearing intensive D-A architecture was conceived as a promising candidate for water detection. This multi-responsive compound displayed aggregation-enhanced emission (AEE) effect accompanied with excellent solvatochromic and mechanofluorochromic (MFC) properties. Moreover, trace water detecting experiment was implemented in three water-miscible organic solvents with an excellent detection limit as low as 0.0096% in tetrahydrofuran (THF). Besides, relative humidity (RH) sensing strategy ensures that the AIEgen can be a colorimetric sensor under various conditions.
EXPERIMENTAL SECTION

Materials and characterization
1 H NMR and 13 C NMR were performed by Bruker Avance 600 MHz spectrometer. High resolution mass spectrum was recorded on a Bruker Paltonicsmicro TOF-Q II instrument. Infrared radiation (IR) data were collected on a Nicolet 380FT-IR spectrometer. UV-vis spectra were implemented on Evolution 300 UV-vis spectrophotometer. Liquid and solid photoluminescence (PL) spectra were operated on Hitachi F-2500 spectrophotometer and Horiba Jobin Yvon Fluorolog-3 spectrophotometer, respectively. Emission quantum yields (Φ f ) were determined by a FluoroMax-4 (Horiba Jobin Yvon) fluorometer equipped with an integrated sphere. Powder wide angle X-ray diffraction (PXRD) was obtained on a Miniflex 600 Powder X-ray Diffractometer of Rigaku. Differential scanning calorimetry (DSC) experiments were implemented using a Perkin-Elmerat at a heating rate of 10°C min −1 . Thermal gravimetric analysis (TGA) was measured on an STA 409PC with a heating rate of 10°C min −1 from room temperature to 800°C in a stream of N 2 (40 mL min −1 ). All the above experiments were performed at room temperature.
General synthetic procedures
2-(2,6-dimethyl-4H-pyran-4-ylidene)-1H-indene-1,3(2H)-dione (intermediate 1)
To a round bottle flask containing 2,6-dimethyl-4-pyrone (0.31 g, 2.50 mmol) and 1H-indene-1,3(2H)-dione (0.44 g, 3.00 mmol), acetic anhydride 10 mL was added accordingly. After the mixture was heated under reflux for 6 h, pH was adjusted to 7. The mixture was extracted with ethyl acetate (3×30 mL) and the organic phase was washed with brine (5×50 mL), and then concentrated to obtain the crude product. Column chromatography (ethyl acetate/petroleum ether, 1/10, v/v) was performed to give the yellow intermediate 1.
2-(2,6-bis((E)-4-(diphenylamino)styryl)-4H-pyran-4-ylidene)-1H-indene-1,3(2H) dione (CYQ)
A mixture of intermediate 1 (0.63 g, 2.50 mmol) and 4-(diphenylamino)benzaldehyde (4.1 g, 15 mmol) was added to CH 3 CN (15 mL). Piperidine (3.8 mL) was added subsequently. The mixture was heated under reflux in N 2 for 24 h. After cooling to room temperature, the crude product was purified by column chromatography (dichloromethane, DCM) to yield the target compound, red solid ( 
RESULTS AND DISCUSSION
The target compound CYQ was easily obtained from the condensation of pyrone with intermediate 1 [12] . General synthetic route and the structural characterization of CYQ were summarized in the supporting information (Scheme S1, Figs S1-S4). The absorption spectrum of CYQ in DCM is shown in Fig. 1b . It presents two independent peaks. The peak centered at 360 nm can be attributed to the π-π* transition. Meanwhile, the one located at 525 nm was ascribed to the ICT transition due to the strong push-pull effect [13] . The AEE process was confirmed in DCM-hexane system. As we can see in Fig. 1c , in the molecularly dissolved solution (DCM), CYQ emitted weak red fluorescence. In this regard, the molecules exhibit a random torsion pattern, which leads to non-radiative pathway and weak fluorescence [14, 15] . However, more distinctive red fluorescence was recorded upon addition of poor solvent (hexane) until reaching the maximum PL intensity at 50% n-hexane fraction (Φ f , 33.93%). In this sense, the restriction of intramolecular rotation (RIR) plays a leading role. When hexane was added, the free rotation pathway was limited to some extent. In this case, the non-radiative decay was blocked, giving rise to higher PL intensity [16] . Conversely, the fluorescent intensity began to decline along with the increase of n-hexane fraction (Fig. 1d) which may be attributed to the formation of amorphous aggregates [17] . Interestingly, the whole PL profile displayed a hypochromatic tendency. This phenomenon may be ascribed to the repressed ICT process induced by reduced polarity. Moreover, the distorted molecular skeleton aroused by aggregation may also contribute to the blue-shifted spectrum.
Moreover, ICT process was confirmed by solvatochromic experiment. As shown in Fig. 2a , the fluorescent peak of CYQ appears at 566 nm in cyclohexane and displays a bathochromic tendency along with the in-creasing of solvent polarity, with up to 100 nm shift in DMF. According to Guan et al. [18] , molecules based on D-A type favor charge separation which can be stabilized by solvation, and trigger the reduction of energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Because of the above driving force, a red-shifted PL spectrum was observed, accompanied with the enhanced polarity. This superb linear color change characteristic (Fig. 2b) makes it possible for CYQ to serve as a promising candidate to distinguish different solvents [19] . In addition, the spatial distributions of HOMO and LUMO were calculated with density functional theory (DFT). As depicted in Fig. 2c , the HOMO of CYQ is exclusively located in the triphenylamine unit while the LUMO orbits are shifted to the pyrone core. This prominent charge separation provides compelling evidence to the above solvatochromic studies. Collectively, an unambiguous ICT transmission through the entire system is anticipated.
The mechanochromic property of CYQ (Φ f , 7.85%) was examined in Fig. 3a . A conspicuous red-shifted MFC feature can be witnessed, which displays an alternative fluorescence from red to purplish red. The 37 nm shift may be attributed to the planar structure upon grinding. Besides, the excellent ICT process may promote the MFC behavior [20] . TGA was carried out to verify the high thermal stability of CYQ, losing 5% of its weight at 410°C (Fig. S5) . To obtain a further understanding of the MFC nature, PXRD and DSC measurements were performed. As shown in Fig. 3b , the sharp scattering peaks indicate a regular crystalline structure. However, for the pattern of the ground solid, most diffraction peaks remarkably weakened or disappeared, indicating an amorphous state [21] . The thermal property of CYQ was analyzed by DSC. As demonstrated in Fig. 3c , no additional peaks can be detected for the original sample except for the sharp melting peak centered at 281°C, while for the ground solid, the exothermic transition shoulder at 168°C could be ascribed to the cold-crystallization process upon annealing [22] . On account of the specific D-π-A skeleton and superb ICT characteristic, it is possible for the target compound to present hypersensitive behavior in response to different polarity. Under this circumstance, three water-miscible organic solvents were chosen as representatives. As shown in Fig. 4a , the fluorescence intensity in THF (Φ f , 27.13%) exhibited a descending tendency along with increasing water fraction. A drastic declination to 47% was displayed when the water fraction was reduced to 1.8% (v/v), whereas this downtrend became moderate when the water content exceeded 3.0% (v/v). Meanwhile, the fluorescent intensity of the target compound revealed a linear relationship and issued an excellent detection limit of 0.0096% (Fig. 5a) . Unsurprisingly, trace water detection experiment displayed a similar trend in acetonitrile/ acetone-water system and yielded a detection limit as low as 0.0191% and 0.0123%, respectively (Fig. 5c, e) . Moreover, the fluorescent intensity was performed to show the similar downtrend (Fig. 5b, d, f) . In order to demonstrate the effect of trace water, fluorescent images were taken for further discussion. As illustrated in Fig. 4d , a gradual bathochromic emission accompanied with a plunging PL intensity was clearly observed when the water fraction increased from 0% to 10% (v/v). All of the above charactersistic pave the way for constructing a highly sensitive sensor for trace water in water-miscible organic solvents.
In addition, the RH sensing strategy was performed at 10%, 24%, 43%, 63% and 96% RH content. As we can see in Fig. 6 . the fluorescent intensity declined progressively with humidity rise. As humidity increases, water molecules are gradually absorbed by the target compound. At this point, ICT process was triggered by the higher ambient polarity, which resulted in lower emission intensity. Interestingly, these calibration lines exert linear relationship corresponding to the relevant RH, indicating a great possibility in serving as a colorimetric sensor under various conditions.
CONCLUSION
In this work, we outlined a multi-response red-emitting pyrone derivative characterized by AEE property. Moreover, solvatochromic experiment was implemented to examine the ICT process which was manifested by DFT calculation. Besides, our AIEgen exhibited substantial quenching along with fluorescent color change from red to purplish red upon grinding. The mechanism of this 37 nm MFC feature was demonstrated by XRD and DSC experiments. Moreover, owing to the explicit ICT effect, CYQ was chosen as a trace water sensor in commonly used water-miscible organic solvents. In particular, the detection limit as low as 0.0096% in THF indicates the practical application in daily lives. Furthermore, the solid state CYQ can also serve as a linear colorimetric sensor under different RH conditions.
